1. Introduction {#sec1-polymers-12-01515}
===============

The prediction of the correlation between pressure, specific volume and temperature (pvT) of polymers is highly important for applications in the polymer processing of semi-crystalline thermoplastics, especially in injection moulding. Current models that predict shrinkage and warpage, which are important quality features of injection moulded parts, are all based on pvT models \[[@B1-polymers-12-01515],[@B2-polymers-12-01515],[@B3-polymers-12-01515],[@B4-polymers-12-01515]\].

The Tait model is widely used for polymers because of its high fit accuracy and simple form \[[@B5-polymers-12-01515],[@B6-polymers-12-01515],[@B7-polymers-12-01515],[@B8-polymers-12-01515],[@B9-polymers-12-01515]\]. It is used in commercial simulation software, such as Moldflow (Autodesk, Inc., Mill Valley, CA, USA), Moldex 3D (CoreTech System Co., Ltd., Zhubei City, Taiwan), Sigmasoft (SIGMA Engineering GmbH, Aachen, Germany) and Cadmould (Simcon kunststofftechnische Software GmbH, Würselen, Germany). Wang et al. \[[@B10-polymers-12-01515]\] improved the Tait model to even higher fitting accuracy due to the consideration of second-order polynomials. It also removes the discontinuity at the transition temperature between the models for the molten and solid states (two domains). This leads to accurate data prediction during the injection moulding simulation, since a small change in temperature around the transition temperature causes significant changes in the specific volume. The discontinuity is solved by enforcing the model of both states to be equal at the transition temperature. Therefore, the continuous two-domain pvT model (CTD) was developed, which also considers the effects of the cooling rate on the pvT behaviour \[[@B10-polymers-12-01515]\].

The CTD is an empirical model, which was fitted to pvT data measured on an isotactic polypropylene applying pressures from 200 to 2200 bar and cooling rates up to 20 °C/min. This is problematic for modelling injection moulding processes since large cooling rates up to 3000 °C/min close to the mould walls and 60 °C/min near the centre of the part are usually experienced \[[@B11-polymers-12-01515]\]. Since the cooling rate has a clear influence on the pvT behaviour of polymers and their solidification process, it is important to have an accurate description of the pvT behaviour at process-relevant cooling rates \[[@B9-polymers-12-01515],[@B12-polymers-12-01515],[@B13-polymers-12-01515],[@B14-polymers-12-01515],[@B15-polymers-12-01515],[@B16-polymers-12-01515]\]. The extrapolation of the CTD to cooling rates more than 100 times larger is difficult. Therefore, a combined model using the physical description of polymer solidification at pressures of 1 bar and cooling rates between 2 °C/min and 300,000 °C/min and the pressure dependency found in the CTD should provide a description of the pvT behaviour at high pressures (from CTD) and high cooling rates (from a physical model). Therefore, a crystallisation kinetics model was adopted to provide the physical description at low pressure and its results were compared with the extrapolations of the CTD.

Crystallisation kinetics models are usually based on the Avrami model, which describes time evolution of relative crystallinity in polymer melts during cooling \[[@B17-polymers-12-01515]\]. The Avrami model is an isothermal description of the cooling process \[[@B18-polymers-12-01515]\]. Since cooling processes tend to be non-isothermal in nature, the Avrami model has been improved and expanded on many occasions to incorporate a non-isothermal physical description of the crystallisation process \[[@B19-polymers-12-01515],[@B20-polymers-12-01515],[@B21-polymers-12-01515],[@B22-polymers-12-01515],[@B23-polymers-12-01515],[@B24-polymers-12-01515],[@B25-polymers-12-01515]\]. It was found that the model proposed by Hammami et al. \[[@B24-polymers-12-01515]\] shows the best description of the solidification over a wide range of cooling rates \[[@B18-polymers-12-01515]\]. Mubarak et al. \[[@B18-polymers-12-01515]\] modified the Hammami model by introducing the non-isothermal induction time. They studied the modified model at cooling rates up to 100 °C/min, which is at least 30 times smaller than needed for the description of injection moulding processes.

This work expanded on the works of Mubarak et al. by applying the Hammami model to a range of cooling rates of 2 to 6000 °C/min and compared the results of the physical Hammami model to those of the empirical CTD at the transition temperature. The CTD was then further expanded by using the data measured in this work at the pressure of 1 bar in the fit data.

In order to apply the Hammami model, the Avrami exponent was determined first to characterise the crystallisation type, followed by a determination of the influence of the thermal history on the transition temperature by means of differential scanning calorimeter (DSC) and Flash DSC measurements. To use Mubarak et al.'s approach on the Hammami model, the non-isothermal induction time was calculated and finally the Hammami model was used to predict the non-isothermal transition temperatures at different cooling rates. The prediction was then compared to the CTD.

2. Experiments {#sec2-polymers-12-01515}
==============

2.1. Materials {#sec2dot1-polymers-12-01515}
--------------

In all experiments, an isotactic polypropylene (iPP) (PP 505P, SABIC, Riyadh, Saudi Arabia) was used. The melt flow rate (MFR) was determined in a previous study to be 2.0 g/10 min, with a density of 0.905 g/cm³ at 239 °C and 2.16 kg at room temperature \[[@B10-polymers-12-01515]\]. The material was used as received and no purification was conducted.

2.2. Differential Scanning Calorimeter (DSC) {#sec2dot2-polymers-12-01515}
--------------------------------------------

The differential scanning calorimeter (DSC Q2000, TA Instruments, New Castle, DE, USA) was used to measure the non-isothermal crystallisation process at five cooling rates of 2, 5, 10, 12.4 and 20 °C/min. The sample was heated at five rates of 2, 5, 10, 12.4 and 20 °C/min to 260 °C followed by a 180 s isothermal period at 260 °C, then cooled to 40 °C and held for another 180 s at 40 °C. During the measurement, a constant inert gas flow rate of 50 mL/min was set.

2.3. Flash DSC Measurements {#sec2dot3-polymers-12-01515}
---------------------------

For cooling rates much higher than the DSC Q2000 can apply, the Flash DSC 2+ by Mettler-Toledo, Columbus, OH, USA was used with five cooling rates of 600, 3000, 6000, 60,000 and 300,000 °C/min. The measurements determining the non-isothermal crystallisation process were set up using a heating rate equivalent to the following cooling rate. In addition, a 0.1 s isothermal period at 40 °C and at the starting temperature (230, 240, 250, 260 °C) was added between the heating and cooling processes to ensure thermal homogeneity of the sample. A small isothermal period was used here due to the low sample weight of \~25 ng, which was assumed to quickly reach a state of equilibrium. To determine the effect of the thermal history, the sample was heated up to four starting temperatures, followed by a cooling phase using a constant cooling rate of 6000 °C/min. All experiments used N~2~ as inert gas for cooling.

All measurements described above were non-isothermal (dynamic) crystallisation processes with a constant cooling rate until 40 °C was reached. In order to measure isothermal crystallisation processes, the sample rapidly cooled (60,000 °C/min) to a temperature between 70 and 120 °C. The cooling was followed by an isothermal period of 300 s, where the crystallisation proceeded. Afterward, the sample was cooled to 40 °C and heated again to 260 °C, to perform the next isothermal crystallisation.

3. Results {#sec3-polymers-12-01515}
==========

[Figure 1](#polymers-12-01515-f001){ref-type="fig"} shows the normalized heat flow measured by Flash DSC during cooling at five cooling rates. The normalized heat flow is the heat flow divided by the cooling rate; this allows a better identification of the exothermal crystallisation peaks. A significant crystallisation peak is observed for cooling rates of 6000 °C/min and lower. To reach the extremely high cooling rates (60,000 and 300,000 °C/min), the cooling rates are built up in the first few degrees, shown by a ramping normalized heat flow. However, the ramping of the cooling rate is negligible, since it stabilizes before the sample enters an undercooled state (\<194 °C). The high cooling rates do not show exothermal crystallisation peaks. Here, the polymer is cooled too quickly, no crystallisation nucleus can form during the cooling period and the polymer solidifies amorphous. Since this work focuses on the crystallisation process on semi-crystalline thermoplastics, the measurements of 60,000 and 300,000 °C/min are neglected in the crystallisation kinetics analysis.

3.1. Avrami Exponent at High Cooling Rates {#sec3dot1-polymers-12-01515}
------------------------------------------

To describe the crystallisation of semi-crystalline thermoplastics, the Avrami model is widely used \[[@B18-polymers-12-01515],[@B26-polymers-12-01515],[@B27-polymers-12-01515],[@B28-polymers-12-01515]\]. The model proposes a theoretical treatment of isothermal polymer crystallisation kinetics \[[@B17-polymers-12-01515]\] and expresses the change in relative crystallinity $\xi$ with time $t$ as follows:$$\xi = 1 - \exp\left( {- \left( {K_{a}t} \right)^{n_{a}}} \right)$$ where $n_{a}$ is the Avrami exponent, which can take values in the interval 1 to 4 and characterises the spherulitic growth mechanism. $K_{a}$ is the isothermal crystallisation rate constant, containing nucleation and growth rates \[[@B18-polymers-12-01515],[@B25-polymers-12-01515],[@B29-polymers-12-01515],[@B30-polymers-12-01515]\]. Equation (1) is the Avrami model in its most general form, which is used to characterise the crystallisation process by executing a parameter fit for $K_{a}$ and $n_{a}$ \[[@B30-polymers-12-01515],[@B31-polymers-12-01515],[@B32-polymers-12-01515]\]. While homogeneous nucleation processes can only be thermal in nature and show an Avrami exponent of 4, heterogeneous nucleation processes may be either thermal or athermal showing an Avrami exponent of 3 \[[@B33-polymers-12-01515]\]. However, both nucleation modes with an Avrami exponent equal or larger than 3 constitute a three-dimensional spherulitic growth, which is assumed for the measurements presented in this work \[[@B18-polymers-12-01515],[@B30-polymers-12-01515]\]. The assumption is supported since the heterogeneous thermal nucleation is the most observed phenomenon in polymer crystallization, and Spekowius showed that the use of homogeneous nucleation leads to reasonable results within a microstructure simulation \[[@B19-polymers-12-01515],[@B30-polymers-12-01515],[@B34-polymers-12-01515]\].

To account for non-isothermal crystallisation processes, the crystallisation rate constant should be adequately adjusted \[[@B35-polymers-12-01515]\]. Since the DSC measurements are controlled at a constant cooling rate $\overset{˙}{T}$, the non-isothermal crystallisation rate constant $K_{c}$ is given as follows \[[@B25-polymers-12-01515]\]:$$\ln\left( K_{c} \right) = \ln\left( K_{a}^{n_{a}} \right)/\overset{˙}{T}$$

Subsequently, the corrected crystallisation rate constant and the Avrami exponent can be determined from a linear fit of an Avrami plot showing $\ln\left( {- \ln\left( {1 - \xi} \right)} \right)$ versus $\ln\left( t \right)$ (see [Figure 2](#polymers-12-01515-f002){ref-type="fig"} and [Figure 3](#polymers-12-01515-f003){ref-type="fig"}) \[[@B17-polymers-12-01515],[@B25-polymers-12-01515]\].

Due to the relative high measuring frequency of the DSC at smaller cooling rates and low signal-to-noise ratio, the Avrami plot can be drawn to very small y-values for the DSC measurements (see [Figure 2](#polymers-12-01515-f002){ref-type="fig"}). The Avrami model shows good fitting accuracy with R^2^ above 0.973 for all cooling rates in [Figure 2](#polymers-12-01515-f002){ref-type="fig"} (see [Table 1](#polymers-12-01515-t001){ref-type="table"}). However, the data deviates from the modelled slope systematically in that the data in the beginning of the crystallisation ($\ln\left( t \right) = 1$) start off slow. At this stage, nuclei are just forming and the crystallisation has not yet started off fully. Around $\ln\left( {- \ln\left( {1 - \xi} \right)} \right) = - 3$ (equivalent to \~5% relative crystallinity), the experimental data curve upwards, which indicates a faster increase in relative crystallinity. This can also be observed in the Flash DSC measurements at the 600 °C/min curve but later in the curve (see [Figure 3](#polymers-12-01515-f003){ref-type="fig"}).

Since the Flash DSC measurements show a higher signal-to-noise ratio, values lower than $\ln\left( {- \ln\left( {1 - \xi} \right)} \right) = - 4$ are not considered. This translates into the neglecting of measurements at the first 1.8% of solidification, which should not affect the fit given the amount of data points measured. The Flash DSC measurements for 3000 and 6000 °C/min show a more linear behaviour, but predict a smaller Avrami exponent and therefore point to different crystallisation processes.

The Avrami exponent at low cooling rates shows a stable value of 3 (±0.053), which is assumed and used by Mubarak et al. \[[@B18-polymers-12-01515]\]. The measurements at cooling rates at and above 600 °C/min tend more towards an Avrami exponent between 2 and 3, which can be interpreted as disc-like (two-dimensional) crystal growth \[[@B24-polymers-12-01515]\]. Due to the small sample size used in the Flash DSC combined with extremely high cooling rates, a crystal growth along the contact area between the sample and the Flash DSC sensor could be favoured. A truly three-dimensional growth is therefore slightly suppressed and leads to smaller Avrami exponents. Nevertheless, a three-dimensional growth is assumed across all cooling rates, which leads to the expectation of heterogeneous nucleation with spherical growth \[[@B24-polymers-12-01515]\].

3.2. Hammami Model {#sec3dot2-polymers-12-01515}
------------------

Once the crystallisation process is characterised by the Avrami exponent, Mubarak et al. showed that the best model to predict the crystallisation process at different and especially high cooling rates is the model proposed by Hammami et al. \[[@B24-polymers-12-01515]\], in combination with a correction for the non-isothermal induction time \[[@B18-polymers-12-01515]\].

The Hammami model expresses the Avrami equation as follows:$$\xi = 1 - \exp\left( {- \mathsf{\Psi}\left( T \right)t^{n_{a}}} \right)$$ where $\mathsf{\Psi}\left( T \right) = 4\pi/3*N*G\left( T \right)^{3}$ for the case of spherical growth and heterogeneous nucleation (Avrami exponent of 3) \[[@B36-polymers-12-01515]\]. The crystallisation rate constant was identified to be dependent on the temperature $T$ and proportional to the nucleation density $N$ and the spherulitic growth function $G\left( T \right)$ proposed by Hoffman and Lauritzen \[[@B37-polymers-12-01515]\] via the following:$$G\left( T \right) = G_{0}\exp\left( \frac{- U^{*}}{R\left( {T - T_{\infty}} \right)} \right)\exp\left( \frac{- K_{g}}{fTT_{d}} \right)$$ where $G_{0}$ and $K_{g}$ are material parameters; $U^{*}$ is the activation energy for the segmental jump rate in polymers; $T_{\infty} = T_{g} - 50~K$ with $T_{g}$ being the glass transition temperature; the undercooling $T_{d} = T_{m,0} - T$, where $T_{m,0}$ is the equilibrium melting temperature; and $f$ is a correction factor to implement a reduction in latent heat of fusion for undercooled melts \[[@B36-polymers-12-01515],[@B38-polymers-12-01515]\]:$$f = \frac{2T}{\left( {T_{m,0} + T} \right)}$$

Assuming the temperature dependency of $\mathsf{\Psi}\left( T \right)$ is overwhelmingly influenced by the growth rate, the expression from Hammami et al. is adopted \[[@B24-polymers-12-01515]\]:$$\mathsf{\Psi}\left( T \right) \cong C_{1}\exp\left( \frac{- 3U^{*}}{R\left( {T - T_{\infty}} \right)} \right)\exp\left( \frac{- 3C_{2}}{fTT_{d}} \right)$$

The time $t$ used in the Avrami model and the Hammami model correlates with the cooling rate due to the non-isothermal treatment of the crystallisation. Therefore, the reference time is chosen to be at the crossing point of the equilibrium melting temperature:$$t = \frac{T_{m,0} - T}{\overset{˙}{T}}$$ where $t\left( T_{m,0} \right) = 0$, which is in contrast to the interpretation in Mubarak et al., where $T_{m,0}$ is interpreted as the starting temperature from which the sample is cooled \[[@B18-polymers-12-01515]\].

[Figure 4](#polymers-12-01515-f004){ref-type="fig"} shows the influence of thermal history on the crystallisation temperature. The sample is cooled using a fixed cooling rate of 6000 °C/min but with preceding heating rates ranging from 600 to 300,000 °C/min and varying starting temperatures (230--260 °C). The interpretation of $T_{m,0}$ as starting temperature would show a linear dependency of the crystallisation temperature given the time until crystallisation does not change. However, [Figure 4](#polymers-12-01515-f004){ref-type="fig"} shows a noisy but constant crystallisation temperature, which is independent of the starting temperature. After each heating process, a 0.1 s isothermal period at the starting temperature is implemented, to ensure thermal homogeneity of the sample. This seems to negate any effect that changing the heating rate might have. Therefore, the model is simplified by adopting the equilibrium melting temperature (194 °C for iPP \[[@B30-polymers-12-01515]\]) as the reference temperature and neglecting the preceding heating rate.

3.3. Non-Isothermal Induction Time {#sec3dot3-polymers-12-01515}
----------------------------------

The Avrami model uses the beginning of the crystallisation ($T = T_{m,0}$) as the reference time. However, between the time of reaching $T_{m,0}$ in a non-isothermal cooling process and the first nucleus emerging within the sample, a certain amount of time elapses, which is called induction time \[[@B18-polymers-12-01515],[@B29-polymers-12-01515]\]. The temperature at the induction time is the transition/crystallisation temperature $T\left( t_{I} \right) = T_{c}$, which is the onset temperature of the exothermal crystallisation peak.

Due to the non-isothermal treatment, the non-isothermal induction time $t_{I}$ is itself dependent on the cooling rate:$$t_{I} = \frac{T_{m,0} - T_{c}}{\overset{˙}{T}}$$

It is necessary to include this effect in a non-isothermal kinetics model, since Patel et al. \[[@B23-polymers-12-01515]\] found that an over-prediction of the crystallisation temperature in non-isothermal models can be attributed to the fact that the induction time is neglected. The non-isothermal induction time is derived from the isothermal induction time $t_{i}$ by integrating over all isothermal induction times up to the non-isothermal induction time by applying the Sifleet method \[[@B39-polymers-12-01515]\]:$$1 = \int_{0}^{t_{I}}\frac{dt}{t_{i}\left( T \right)}$$

Godovsky et al. \[[@B40-polymers-12-01515]\] proposed the isothermal induction time to be modelled as follows:$$t_{i} = t_{m}\left( {T_{m,0} - T} \right)^{- \alpha}$$ where $t_{m}$ and $\alpha$ are material parameters. The measurement of the isothermal induction time is performed via Flash DSC at a cooling rate of 60,000 °C/min, rapidly cooling the sample to temperatures between 70 and 120 °C and then held for 10 s. The emerging isothermal crystallisation peak is then used to determine the isothermal induction time. Using Equation (10), the parameters are fitted to $t_{m} = 2.177 \times 10^{24}{\ s}/{^\circ}C^{a}$ and $\alpha = 12.31$ with the equilibrium melting temperature $T_{m,0} = 194{\ C}$. [Figure 5](#polymers-12-01515-f005){ref-type="fig"} shows the prediction of the isothermal induction time against the data created using the Flash DSC and measurements done by Mubarak et al. \[[@B18-polymers-12-01515]\]. The model shows good agreement with the measured data (R^2^ = 0.993) and data found in the literature \[[@B18-polymers-12-01515]\].

The calculation of the non-isothermal induction time in Equation (9) can be simplified using the approach of Isayev et al. \[[@B29-polymers-12-01515]\] to the following:$$1 = \sum\limits_{0}^{t_{I}}\frac{1}{t_{m}\left( {T_{m,0} - T} \right)^{- \alpha}}\mathsf{\Delta}t$$ and applying Equation (8) yields the following:$$1 = \sum\limits_{T_{m,0}}^{T_{c}}\frac{1}{t_{m}\left( {T_{m,0} - T} \right)^{- \alpha}}\frac{\mathsf{\Delta}T}{\overset{˙}{T}}$$ where $T_{c}$ is the crystallisation temperature and a constant cooling rate $\overset{˙}{T}$ is assumed. Due to the nature of the DSC and Flash DSC measurements, the assumption of a constant cooling rate applies to all measured crystallisation data. Equation (12) can be simplified by defining:$$T = T_{j} = T_{m,0} - \mathsf{\Delta}T*j$$ $$\mathsf{\Delta}T = \frac{T_{m,0} - T_{c}}{n};n \in {\mathbb{N}}$$ which yields:$$1 = \frac{\mathsf{\Delta}T^{\alpha + 1}}{t_{m}\overset{˙}{T}}\sum\limits_{j = 0}^{n}j^{\alpha}$$ where $j$ is the temperature increment counter from 0 to $n$, and $T_{c} = T_{m,0} - \mathsf{\Delta}T*n$. $\mathsf{\Delta}T$ corresponds to the accuracy of the model and is chosen to be $\mathsf{\Delta}T$ = 0.01 K. The modified Hammami equation then results in the following:$$\xi = 1 - \exp\left( {- \mathsf{\Psi}\left( T \right)\left( \frac{T_{c} - T}{\overset{˙}{T}} \right)^{n_{a}}} \right)$$

Equation (16) is only valid for $T \leq T_{c}$ due to numerical considerations of $\xi$, where negative values have no physical meaning.

3.4. Application of the Hammami Model {#sec3dot4-polymers-12-01515}
-------------------------------------

The non-isothermal induction time is calculated from Equation (11) via Equation (15) by using $a$ and $t_{m}$ calculated from the isothermal induction time. [Figure 6](#polymers-12-01515-f006){ref-type="fig"} shows the modelled non-isothermal induction time. This is in good comparison with the measured non-isothermal induction time, which is the time measured from $T_{m,0}$ to the onset temperature of the crystallisation peak. Therefore, the Isayev approach can be used to predict non-isothermal induction times up to 6000 °C/min. However, the formulation can only be used as long as the cooling rate allows crystallisation to occur.

Since the Avrami exponent (see [Table 1](#polymers-12-01515-t001){ref-type="table"}) and the non-isothermal induction time are both in good agreement with the experimental data, the Hammami model can be applied to predict the relative crystallinity over time for each of the cooling rates between 2 and 6000 °C/min. This is done by performing a parameter fit for $C_{1}$ and $C_{2}$ with $U^{*}$ = 17,200 J/mol and $T_{\infty}$ = −61.6 °C for each cooling rate (see [Table 2](#polymers-12-01515-t002){ref-type="table"}) \[[@B30-polymers-12-01515]\].

For each cooling rate, an individual set of parameters is fitted, which shows the influence of the cooling rate on the fit parameters. $C_{1}$ is linked to the growth rate constant from the Hoffman--Lauritzen theory (HL), which is usually assumed to be a material-specific constant. However, a clear dependence on the cooling rate is observed. Since the natural logarithm of $C_{1}$ is shown in [Table 2](#polymers-12-01515-t002){ref-type="table"}, it needs to be pointed out that the difference in growth rate constant are many orders of magnitude. This leads to the conclusion that the Hammami model is not suitable to predict the crystallisation at extremely high cooling rates. However, the results at low cooling rates (up to 20 °C/min) are comparable to the proven results in Mubarak et al. \[[@B18-polymers-12-01515]\].

[Figure 7](#polymers-12-01515-f007){ref-type="fig"} shows the data from the individual fitted Hammami model in comparison to the experimental data for each cooling rate. The comparable low R^2^ value for high cooling rates relates to a failure to predict the crystallisation process. For the cooling rates of 3000 and 6000 °C/min, the model predicts a rise in relative crystallinity up to \~90% followed by remelting of the crystals for continued cooling, which is not realistic. However, up to the cooling rate of 600 °C/min, the Hammami model seems to be applicable and in good agreement with the experimental data and can be compared to the results of the CTD model.

The reason for the deviation at cooling rates above 600 °C/min can be attributed to the correction factor $f$ (Equation (5)), which was introduced to the isothermal HL to have validity over a large range of undercooling. The validity of the application of the factor in a non-isothermal approach is questionable, since it originates from an isothermal treatment and was tested at an undercooling much smaller than 100 °C. Furthermore, the thermodynamic treatment of the crystallisation process within HL is based on quiescent conditions present during cooling. It can be stated from the results in [Figure 7](#polymers-12-01515-f007){ref-type="fig"} that the cooling of iPP with 3000 °C/min and above can no longer be treated as quiescent conditions. In order to enable a precise description of crystallization at all injection moulding-relevant cooling rates, a model for dynamic processes must be developed from thermodynamics at non-quiescent conditions.

Furthermore, the HL expects crystallisation to occur at some point during the cooling phase. However, if semi-crystalline thermoplastics are cooled sufficiently fast (60,000 °C/min for iPP), they solidify purely amorphous. All cooling rates used in [Figure 7](#polymers-12-01515-f007){ref-type="fig"} show a significant exothermal peak during cooling, therefore the HL applies. However, the HL neglects the absolute amount of crystallized material in relation to amorphous material (crystallization degree) during the solidification. To correctly predict the crystallisation process at high cooling rates, it is necessary to transform the crystallisation model to a solidification model, which correctly predicts the crystallisation degree. This would even allow the modelling of purely amorphous solidification at cooling rates experienced in injection moulding processes and will be part of further research.

4. Continuous Two-Domain pvT Model {#sec4-polymers-12-01515}
==================================

The continuous two-domain pvT model (CTD) by Wang et al. \[[@B10-polymers-12-01515]\] is a derivation of the empirical Tait model. It removes the discontinuity of the original formulation around the transition temperature by forcing the models, which describe the solid and molten states, to intersect at $T_{c}$. This stabilizes the specific volume prediction during the injection moulding simulation \[[@B9-polymers-12-01515]\]. In addition, the CTD introduces a cooling rate-dependent term $q$ influencing the specific volume dependent on pressure $\nu_{c}\left( {p,q} \right)$ and the transition temperature as a function of pressure $T_{c}\left( {p,q} \right)$ \[[@B10-polymers-12-01515]\]. Chang et al. \[[@B39-polymers-12-01515]\] proposed a logarithmic dependency of $T_{c}$ on the cooling rate, which is implemented in the following form:$$\ln\left( q \right) = \ln\left( {\frac{\overset{˙}{T}}{\overset{˙}{T_{0}}} + 1} \right)$$ where $\overset{˙}{T_{0}}$ is a reference cooling rate set to 2 °C/min to eliminate the units within the logarithmic expression. The relation used within the CTD for the transition temperature results in the following:$$T_{c}\left( {p,q} \right) = T_{0} - b_{1}*\ln\left( q \right) + b_{2}*p + b_{3}*p^{2}$$

Since the peak crystallisation temperature corresponds to the transition point of the pvT measurement, the peak crystallisation temperatures are calculated from the prediction of the relative crystallinity. By assuming the peak crystallisation temperature at the peak of the change in relative crystallinity, the Hammami model is used to predict $T_{c,peak}$ by evaluating $\mathsf{\Delta}\xi/\mathsf{\Delta}T$ for its maximum (see [Figure 8](#polymers-12-01515-f008){ref-type="fig"}). In parallel, a parameter fit for $T_{c}\left( {p,q} \right)$ (Equation (18)) is performed using the combined data of Flash DSC and DSC measurements, as well as pvT measurements (performed in \[[@B10-polymers-12-01515]\]). The fit yields the following:$$T_{c}\left( {p,q} \right) = 122.73 - 5.76*\ln\left( q \right) + 0.023*p + 1.48*10^{- 6}*p^{2}$$

As seen in [Figure 8](#polymers-12-01515-f008){ref-type="fig"}, the CTD fit is in high agreement with the experimental data, thereby validating the assumption of a logarithmic relationship between $T_{c}$ and $q$ for high cooling rates. Due to the individual fitting of each crystallisation process for the Hammami model, it should show the best agreement with the experimental data. However, since the model cannot make accurate predictions of the crystallisation process at high cooling rates, the crystallisation temperature is not accurately predicted. Both models show high agreement for low cooling rates; this was to be expected, since they were developed for this regime, but the CTD model is able to predict crystallisation temperature up to 6000 °C/min, neglecting the outlier at 600 °C/min. This should allow the CTD model to predict the pvT behaviour at high cooling rates and high pressures. This is however challenging to validate experimentally.

The good prediction of the transition temperature by the CTD would allow the integration of the pressure dependency into the fit parameters of the Hammami model. Due to the issues of the Hammami model formulation that we have pointed out, a combination is not feasible until these issues are resolved for high cooling rates.

5. Conclusions and Outlook {#sec5-polymers-12-01515}
==========================

Since temperature conditions in injection moulding processes are mainly non-isothermal and cooling rates reach from 3000 °C/min at the mould walls to 60 °C/min near the core of the part, it is necessary to have a model predicting the crystallisation behaviour at a wide range of cooling rates \[[@B11-polymers-12-01515]\].

The model presented by Hammami et al. \[[@B24-polymers-12-01515]\], which is based on the Hoffman--Lauritzen theory and the Avrami model, was applied to predict the crystallisation process of isotactic polypropylene and showed high prediction accuracy up to 600 °C/min. In order to use the Hammami model, the Avrami exponent and the non-isothermal induction time were determined in preliminary evaluations. This showed that the Isayev approach to determine the non-isothermal induction time could be applied to all cooling rates showing crystallisation (up to 6000 °C/min). The Avrami plot showed even better linearity for the cooling rates \>600 °C/min, but at a reduced value. Despite the accuracy shown by the Avrami plot and the prediction of the non-isothermal induction time, the Hammami model formulation is not suitable for cooling rates above 600 °C/min.

Solidification in injection moulding processes usually occurs at pressures above 200 bar. This work tried to combine the continuous two-domain pvT model (CTD) by Wang et al. \[[@B10-polymers-12-01515]\] with the prediction of transition temperature of the Hammami model. The agreement of both models at the pressure of 1 bar allows a combination of both models in a pressure-dependent crystallisation kinetics model. In a first step, the prediction of the crystallisation temperature by the Hammami model up to a cooling rate of 600 °C/min was used to compare it to the CTD model at 1 bar pressure.

It was shown that the logarithmic cooling rate dependency of the transition temperature assumed in CTD was valid for all used cooling rates and showed a higher fitting accuracy than the Hammami model. However, using the crystallisation data, the CTD was expanded for low pressures and high cooling rates. Fitting all available data on the transition temperature of the CTD yields an accurate prediction of the pressure and cooling rate dependency of the transition temperature with R^2^ = 0.993. However, due to the low fitting accuracy of the Hammami model at process-relevant cooling rates, a pressure dependency of the material parameters has not yet been derived but will be part of future research.
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CTD

Continuous two-domain pvT model by Wang et al.

DSC

Differential scanning calorimetry

HL

Hoffman--Lauritzen theory

iPP

Isotactic polypropylene

MFR

Melt flow rate

pvT

Correlations between pressure, specific volume and temperature of polymers

![Flash DSC 2+ measurements of isotactic polypropylene at cooling rates from 600 to 300,000 °C/min normalized to their cooling rate.](polymers-12-01515-g001){#polymers-12-01515-f001}

![Avrami plot of 5 cooling rates from 2 to 20 °C/min. The markers show the experimental (e) data taken by the differential scanning calorimeter DSC Q2000, TA Instruments, New Castle, Delaware, USA. Lines represent the modelled (m) Avrami relation for each cooling rate. The experimental data were reduced to 20 points to ensure clarity of the figure.](polymers-12-01515-g002){#polymers-12-01515-f002}

![Avrami plot of 3 cooling rates from 600 to 6000 °C/min. The markers show the experimental (e) data taken by the Flash DSC 2+ by Mettler-Toledo, Columbus, Ohio, USA. Lines represent the modelled (m) Avrami relation for each cooling rate. The experimental data were reduced to 20 points to ensure clarity of the figure.](polymers-12-01515-g003){#polymers-12-01515-f003}

![Peak crystallisation temperature at a cooling rate of 6000 °C/min with different starting temperatures and heating rates.](polymers-12-01515-g004){#polymers-12-01515-f004}

![Combining measurements of the isothermal induction time from the literature (∆) \[[@B18-polymers-12-01515]\] and Flash DSC measurements (□) to fit both parameters of the Godovsky isothermal induction time model.](polymers-12-01515-g005){#polymers-12-01515-f005}

![The markers show the time to reach the onset crystallisation temperature in a non-isothermal cooling with constant cooling rate. The time reference ($t = 0$) is chosen to be the crossing point of the equilibrium melting temperature.](polymers-12-01515-g006){#polymers-12-01515-f006}

![Hammami model using the individual fitted parameters for each cooling as mentioned in [Table 2](#polymers-12-01515-t002){ref-type="table"}. The graph most to the left shows the crystallisation process for a cooling rate of 6000 °C/min, whereas the graph most to the right shows the crystallisation process for a cooling rate of 2 °C/min.](polymers-12-01515-g007){#polymers-12-01515-f007}

![Comparison between the prediction of the peak crystallisation temperature by the Hammami model and the continuous two-domain pvT model (CDT). The markers show the measured peak crystallisation temperatures from the DSC and Flash DSC experimental data.](polymers-12-01515-g008){#polymers-12-01515-f008}

polymers-12-01515-t001_Table 1

###### 

Results of the linear fit of the Avrami plots of each individual cooling rate. All fits show good fitting accuracy with an R^2^ value around 0.97.

  Avrami Parameters                   Cooling Rate (°C/min)                                                         
  ----------------------------------- ----------------------- -------- -------- -------- -------- -------- -------- --------
  $n_{a}$                             3.044                   2.983    3.017    3.073    3.141    2.580    2.640    2.678
  $\ln\left( K_{c} \right)$           −16.87                  −13.77   −11.88   −11.63   −11.01   0.55     2.42     3.57
  $\ln\left( K_{a}^{n_{a}} \right)$   −0.51                   −1.14    −1.97    −2.41    −3.67    5.54     120.8    355.6
  R^2^                                0.9771                  0.9734   0.9773   0.9770   0.9843   0.9693   0.9977   0.9955

polymers-12-01515-t002_Table 2

###### 

Fit parameters for the Hammami model to predict the relative crystallinity at different cooling rates. The R^2^ values for the fits are high for the low cooling rates. However, for high cooling rates the model loses accuracy.

  Fit Parameters              Cooling Rate (°C/min)                                              
  --------------------------- ----------------------- ------ ------ ------ ------ ------ ------- -------
  $\ln\left( C_{1} \right)$   49.9                    59.2   60.7   64.8   64.5   73.4   112.1   144.7
  $C_{2}*10^{- 5}$            2.81                    3.48   3.48   3.84   3.72   3.52   7.46    11.08
  R^2^                        0.97                    0.97   0.96   0.97   0.96   0.91   0.92    0.94
